Polymers used in implantable devices, although relatively unreactive, may degrade in vivo through unknown mechanisms. For example, polyetherurethane elastomers used as cardiac pacemaker lead insulation have developed surface defects after implantation. This phenomenon, termed "environmental stress cracking," requires intimate contact between polymer and host phagocytic cells, suggesting that phagocyte-generated oxidants might be involved. Indeed, brief exposure of polyetherurethane to activated human neutrophils, hypochlorous acid, or peroxynitrite produces modifications of the polymer similar to those found in vivo. Damage to the polymer appears to arise predominantly from oxidation of the urethane-aliphatic ester and aliphatic ether groups. There are substantial increases in the solid phase surface oxygen content of samples treated with hypochlorous acid, peroxynitrite or activated human neutrophils, resembling those observed in explanted polyetherurethane. Furthermore, both explanted and hypochlorous acid-treated polyetherurethane show marked reductions in polymer molecular weight. Interestingly, hypochlorous acid and peroxynitrite appear to attack polyetherurethane at different sites. Hypochlorous acid or activated neutrophils cause decreases in the urethane-aliphatic ester stretch peak relative to the aliphatic ether stretch peak (as determined by infrared spectroscopy) whereas peroxynitrite causes selective loss of the aliphatic ether. In vivo degradation may involve both hypohalous and nitric oxide-based oxidants because, after long-term implantation, both stretch peaks are diminished. These results suggest that in vivo destruction of implanted polyetherurethane involves attack by phagocyte-derived oxidants. (J. Clin. Invest. 1993Invest. . 92:2360Invest. -2367 
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1. Abbreviations used in this paper: ATR/FTIR, attenuated total reflectance Fourier transform infrared spectroscopy; EPO, eosinophil peroxidase; ESCA, electron spectroscopic chemical analysis; HOCI, hy-5). However, questions have been raised regarding the biostability ofat least some forms of PEU (6) (7) (8) (9) (10) . In one long-standing application, PEU has been used as insulation for cardiac pacemaker leads. In certain circumstances, surface crazing has occurred, progressing, in some cases, to deeper cracks and breach of the insulation. (It should be noted that these cracks occur only on the outside surface of the insulation. Additional lead degradation may arise from metal ion-induced oxidation [9] .)
This process has been termed environmental stress cracking ( 11 ). This degradation ofthe material requires stress on the polymer, either from manufacture or from secondarily applied mechanical forces ( 12) . One further critical factor appears to be host phagocytic cells. Large numbers of neutrophils (PMN) and macrophages tend to occupy the implant surface after short term implantations ( 13, 14) , and if viable phagocytes cannot interact with implanted PEU, stress cracking does not occur ( 15) . However, PEU cannot be significantly degraded by preformed products of phagocytic cells (such as cationic proteins and proteases) or by activated oxygen species such as superoxide and hydrogen peroxide (7) . In view of the chemically stable nature of PEU, we hypothesized that the in vivo degradation of these materials might involve attack by chlorine-based and/or nitric oxide (NO)-derived oxidants, major oxidative products of activated phagocytes. The results reported below support the idea that PMN-generated chlorine compounds are likely responsible for initial damage to PEU after brief implantation and that macrophage-derived NO and/or peroxynitrite (ONOO-) may Preparation of materials and solutions. PEU samples strained to 400% elongation were prepared by first soaking PEU tubing (with an inner diameter of -0.178 cm and a wall thickness of -0.0 13 cm) in acetone for 24 h followed by briefwashing with distilled water. Polysulfone mandrels, 1.27 cm in length, 0.1 14 cm in center diameter, and 0.178 cm in end diameter, were inserted into the lumen of the tubing. The PEU was stretched to 400% of original length and tied with 2-0 nonabsorbable silicone-coated sutures on each end.
A pulverized form of PEU, 0.5-1.0-mm particle size, was prepared by cryogenic milling of PEU pellets. To remove antioxidants and other processing aids, compression molded and milled PEU samples were extracted in acetone for 24 h. (It should be noted that acetone extraction is not as efficient as chloroform in removal ofprocessing aids.) PBS was made up of 10 mM potassium phosphate, 10 mM sodium phosphate, and 130 mM NaCl, pH 7.2. Hypochlorous acid (HOCI) concentrations were measured as previously described (16) . Solutions of HOCI were prepared immediately before use in 100 mM sodium phosphate buffer (PB), pH 7.2.
Oxidative damage of PEU by PMN. PMN were isolated as described earlier ( 17) from heparinized venous blood drawn from normal adult donors. The purified PMN (> 95% PMN, > 92% viable by trypan blue exclusion) were diluted in HBSS containing Ca2" (1 mM) and Mg2" (0.5 mM). To determine whether contact with PEU surfaces activated the PMN oxidative burst, we used disc-shaped samples cut out of compression-molded PEU. The surface area of these discs was 0.725 cm2, sufficient to cover the bottom of an 8-ml polypropylene scintillation vial. The polymer samples were secured to the bottom of the vials with a layer of Parafilm* (American National Can, Greenwich, CT) between the disk and the vial. A 5-ml suspension of5 X I04/ ml PMN in HBSS containing Ca2" and Mg2+ was spun onto the PEU surface at 250 g for 10 min. Extent of activation of the surface-associated PMN was assessed using luminol-enhanced (1 MM) chemiluminescence in a liquid scintillation counter (model LS 2800; Beckman Instruments, Inc., Fullerton, CA) set in the out-of-coincidence mode.
To assess the effects of PMN on stressed material, segments ofPEU 80A tubing (with an inner diameter of -0.178 cm and a wall thickness of 0.0 13 cm) strained to 400% elongation over a polysulfone mandrel ( 1.27 cm in length, 0.1 14 cm in center diameter, and 0.178 cm in end diameter) were admixed with -2 X 106 PMN in 2 ml Hank's buffer containing Ca2" and Mg2". Four different sample preparations were included in each of two separate experiments. In some cases, the PMN were allowed to settle onto the PEU surface, and in other cases, the PEU-containing samples were centrifuged for 10 min (700 g) after the PMN were added. All samples were incubated for 3 h at 370C, washed/sonicated with 1% Tween 20 (20 min/20 W) and four changes ofdH2O (4 X/5 min per 20 W), and dried at room temperature for 2 d. The samples were analyzed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR/FTIR), electron spectroscopic chemical analysis (ESCA), and scanning electron microscopy.
Reaction ofHOO with PEU. Reactions between HOCI and PEU powder were monitored by sequential determinations of the amounts of HOCI remaining during coincubation ofthe two reactants. Samples containing 400 mg pulverized PEU were incubated in tightly sealed glass vials with 4 ml of 10 mM HOCI in PB at 25°C with constant mixing. At hourly intervals, residual HOCI concentrations were measured using an assay for chlorine compounds based on the oxidation of ascorbic acid by HOCI (16) . Additional samples with increasing amounts of PEU powder were similarly incubated for a single time period to determine whether there was a dose-response dependence of HOCG consumption on the amounts of PEU available for reaction. All incubations were carried out in the dark to avoid photolytic decomposition of chlorine compounds.
Morphology of HOCI-treated PEU. Injection-molded PEU dumbells held at 200% mechanical strain with TeflonO fixtures were incubated for varying times in a range of HOCI concentrations. All incubations were carried out on a rotator at 370C. After the incubations, the samples were washed with dH2O and dried at 550C. The morphological characteristics of the samples were assessed through scanning electron microscopy.
ATR/FTIR. This infrared spectroscopic technique permits analysis of chemical modifications of polymer surfaces (i.e., < 30 gm depth). PEU 80A tubing strained to 400% elongation over a polysulfone mandrel was incubated in PB with or without 10 mM HOCI on a rotator for 2 h at 370C. The samples were then rinsed thoroughly with dH2O, dried at 50'C for 12 h, and analyzed by ATR/FTIR (model 1720 FTIR; Perkin Elmer Corp., Norwalk, CT). A 450 ZnSe crystal was used with a horizontal ATR internal reflection accessory from Spectra-Tech (Stanford, CT).
Gel permeation chromatography. For investigations of possible polymer scission by HOCI, very thin (-50 A thick) films ofPEU were prepared to maximize reactions between the polymer and the oxidant. PEU powder was solubilized in l-methyl-2-pyrrolidone, and these solutions were used to spin coat aluminum wafers. Examination of the surface of these spin-coated wafers by atomic force microscopy indicated ca. 10 A deviations, suggesting a smooth and uniform layer of PEU. The spin-coated wafers were incubated in 20 ml of 10 mM HOCI in 100 mM PB or PB alone for 3 h at 370C on a rotator, washed with dH2O, and then incubated in NN-dimethylformamide to solvate the polymer.
The solvated polymer then was separated by gel permeation chromatography in order to assess possible changes in molecular weight. Chromatography was performed using a single mixed bed Shodex® styrene divinyl benzene column (1 ml/min, 40'C) calibrated against polystyrene standards. Eluent was monitored using a refractive index detector (Hewlett Packard, St. Paul, MN).
ESCA. In order to monitor possible changes in the elemental composition of oxidized PEU, we carried out ESCA on the surfaces of stressed PEU dumbbells incubated in PB with and without 10 mM HOCL. These samples were incubated for 3 h with continuous shaking at 370C, rinsed with dH2O, and dried for 20 h at 50'C. The center portion of the dumbbells was used for analysis.
In vivo oxidative damage ofPEU. Implanted samples consisted of ethylene oxide-sterilized PEU tubing (with an inner diameter of -0.178 cm and a wall thickness of -0.013 cm) strained to 400% over four equidistant polysulfone mandrels (total length ofstrained material = 5.5 cm). Ethylene oxide-sterilized control samples showed no significant changes by ATR/ FTIR and ESCA from nonsterilized control samples, in accord with earlier reports ( 18 ) .
The animals used for implantation experiments were 150-300 g male Sprague Dawley rats. Pentobarbital was administered intraperitoneally at a dose of 70 mg/kg body wt followed ca. 10 min later by ketamine administered intraperitoneally at a dose of 60 mg/kg body wt. The strained tubing samples were implanted subcutaneously in the dorsal area, -1 cm from and parallel to the midline. The small incision made for this purpose was closed with sutures. After 24 h, the samples were explanted and rinsed in sterile PBS. Half of the samples from each animal were placed in sterile PBS and washed/sonicated with 1% Tween 20 (20 min/ 20 W) and four changes of dH2O (4X/5 min per 20 W). These samples were then analyzed by ATR/FTIR, ESCA, and SEM. The remaining samples were incubated with 0.5 ml 0.2% Triton X-100 to release phagocyte granular enzymes. Myeloperoxidase (MPO) activity (as an indicator of numbers of surface-adherent PMN) was determined using the H202-dependent reduction of guaiacol ( 19). Analyses were performed in the presence and absence of 1 mM 3-amino-1,2,4-triazole to distinguish MPO from eosinophil peroxidase (20, 21) .
Reactions of ONOO-with PEU. ONOO-was generated as described earlier (22) via the oxidation of hydroxylamine in an oxygen atmosphere at elevated pH. The concentration of ONOO-was determined using the molar absorptivity of 1,670 M-'/cm-' at 302 nm (23) . PEU samples strained to 400% elongation were placed in 10 ml of these solutions, which were sealed and incubated at 250C for 24 h. The initial concentration ofONOO-was 8.8 mM based on the absorbance Degradation ofBiomaterials by Phagocyte-derived Oxidantsat 302 nm. It should be noted that maintenance of high pH was necessary because ONOO-is quite short lived at neutral pH (23) .
Results
Oxidative damage of PEU by PMN. Stressed PEU develops microscopically apparent surface anomalies when implanted for 2 wk in rats (Fig. 1 A) . Morphologically similar though not identical lesions appear in material exposed to purified PMN (which, when centrifugally forced to the PEU surface, are activated as measured by luminol-enhanced chemiluminescence [data not shown]) (Fig. 1 B) .
Reaction ofHOCI with PEU. Since hydrogen peroxide and superoxide are unable to attack most plastics, we elected to determine whether PEU is damaged by HOCI, the most potent oxidant produced by activated PMN. When samples ofpulverized PEU were coincubated with 10-2 M HOCl, almost 100% ofadded HOCI was consumed after 5 h (Fig. 2 A) . This reflects PEU-dependent reduction of HOCl because no decrement in HOCI was observed in the absence of PEU and the addition of increasing amounts ofPEU led to a dose-dependent consumption of HOCI during 6 h at 370C (Fig. 2 B) . It should be noted that, under similar conditions, no consumption of hydrogen peroxide occurred in the presence of added PEU (data not shown). Additionally, as with isolated PMN, SEM demonstrates that surface cracks are generated when PEU is treated with HOCl (data not shown).
Oxidant-induced changes in polymer composition. PEU exposed to HOCl has decreased molecular weight compared to control material (Table I) . Similar results were reported by Zhao et al. ( 15) on PEU after 2 wk implantation in rats. The values shown represent weight average molecular weight (Mw, the average molecular size based on the mass fraction) and number average molecular weight (Mn, the "average" chain length in the polymer based on the number fraction). The ratio, Mw/Mn, is an indication of the breadth of molecular weight distribution. Although the spin-coated wafers were not under applied stress, most ofthe polymer in this < 1 0-,Om thick material was probably available for reaction with solution phase HOCL.
The results of ESCA analysis indicate a 50-100% increase in the solid phase surface oxygen content ofthe polymer (Table   II) . The surfaces of the HOCl-treated sample, PMN-exposed material and explanted samples all show (somewhat variable) increases in surface oxygen content (and proportionate decrements in both nitrogen and carbon). It should be noted that some of the variation in these values may stem from variable contamination of the surface with an amide extrusion lubricant incorporated into polyurethanes to facilitate manufacturing and processing (18) . Although this may complicate the ESCA results shown in Table II , the extent of addition of oxygen to the surface supports some type of polymer oxidation.
An oxidative reaction involving the ether or ester moieties of PEU would be reflected by a decrement in the urethane-aliphatic ester and/or aliphatic ether stretch peaks on ATR/ FTIR analysis. Indeed, a substantial decrement in the aliphatic ether stretch at 1,105-1,110 cm-' relative to the urethane-aliphatic ester peak at 1,075 cm-' has been observed in implanted material (7) . In fact, the intensity of both aliphatic ether and urethane-aliphatic ester peaks decreases after long-term implantation, suggesting that both groups are oxidatively attacked in vivo. As shown in Fig. 3 B, PEU previously exposed to HOCl exhibits a decrement in the signal from the urethane-aliphatic ester. Similar changes are seen in material incubated with activated human PMN (Fig. 3 C) . Importantly, ATR/FTIR spectra on material implanted for 24 h exhibit the same decrease in the 1,075 cm-l urethane-aliphatic ester peak. The IR spectrum of amide wax has no signal in the 1,100-1,075 cm-' region ( 18 ) . Therefore, even ifthe ESCA results are somehow complicated by the presence ofan amide wax, this would not affect the results of ATR/FTIR analyses.
However, the selective loss of signal from the urethane-aliphatic ester is not completely consistent with observations on long-term implanted material. In the latter, a decrease in both signals, particularly the aliphatic ether, is seen. Indeed, in our own experiments, material implanted in rats for 2 wk showed substantial decreases in both the 1,075 cm-l urethane-aliphatic ester peak and the 1,105-1,1 10 cm-' aliphatic ether peak (Fig.  3 D) , consonant with destruction of both groups during longterm implantation. These changes in ATR/FTIR are perhaps most easily seen using the peak at -1,220 as a reference. The latter has been assigned to the C-N stretch and does not appear to be altered by any of the treatments. Because we failed to observe decrements in the aliphatic ether peak after exposure (24) that may be the predominant form ofNO' produced by macrophages (25) . Preliminary assessment of possible reactions involving ONOO-was performed by incubating PEU tubing in solutions containing ONOO-as described in the Methods. Although ONOO -is highly reactive and, therefore, ephemeral, we elected to incubate all samples with the ONOO-containing solutions for 24 h to ensure complete reaction. The ONOO-- cm-' aliphatic ether peak relative to the 1,075 cm-' urethanealiphatic ester peak (Fig. 4) . Limited elemental analysis of the ONOO--exposed material showed a substantial increase in surface oxygen content (Table III) . Thus, ATR/FTIR results on implanted PEU 80A support the idea that, in vivo, there is an early attack on the urethanealiphatic ester linkage, probably by PMN-derived HOC1. However, after implantation for 1 and 2 wk, the attack appears predominantly on the aliphatic ether linkages, as is typical ofin vivo stress-cracked PEU insulation.
Finally, if PMN-mediated oxidant damage is an important mechanism of early oxidant destruction of implanted PEU, it is necessary that these cells be present in suitable numbers and at appropriate times to cause such damage. Therefore, we estimated the numbers of PMN attracted to the surfaces of PEU implants by measuring the MPO activity on the surface of implanted material. As shown in Table IV , relatively large numbers ofPMN are present on the implant surface at times < 24 h after implantation. The eventual disappearance ofPMN would be expected because, as has been described by others ( 13, 14, 26) , this is a typical acute inflammatory response. As is evident from the minimal inhibition ofperoxidase activity by 3-amino-1,2,4-triazole (which preferentially inhibits eosinophil peroxidase), almost all the implant-associated cells appear to be MPO-bearing PMN. Microscopic analysis of some ofthese implants affirmed the presence ofPMN and monocytic cells at 24 h, with only rare eosinophils. Phagocytes have a diverse armamentarium for combating invading microbes including oxygen-independent and oxygendependent killing mechanisms. As might be expected, plastic polymers resist degradation by oxygen-independent mechanisms (7) . On the other hand, oxidants produced by phagocytes potentially are capable of reacting with a wide range of molecules. Hydrogen peroxide has been previously shown, in the absence ofmetals, not to cause PEU degradation (7) . However, PMN ordinarily convert substantial amounts ofhydrogen peroxide to the more potent oxidant, HOCl, through the action of MPO (27) . Hypochlorous acid is one of the most reactive oxidants produced by PMN, and we hypothesized that HOCl was a likely cause of in vivo degradation of plastic polymers.
In partial support of this idea, we find that during incubations of PEU with HOCl, there is a net consumption of HOCI. 16, 27) , and the number of PMN found on surfaces of short-term implants (> 105/cm2; reference 14), it is quite possible that surface concentrations of HOCl may approach 10 mM in vivo. Nonetheless, it should be emphasized that, morphologically, the abnormalities found in material exposed to reagent HOCl are not identical to those observed in in vivo stress-cracked material (perhaps implying the occurrence in vivo of unknown secondary degradation events).
Consideration ofthe structure of PEU 80A 2363 (Fig. 5 A) suggested that the urethane-aliphatic ester and aliphatic ether groups might be most susceptible to oxidative attack. In partial support of this supposition, it had been observed earlier that polyurethanes with lower ether contents are less susceptible to stress cracking (28) . Although the reactions involved are not precisely known, it is possible that oxidation of the aliphatic ether by peroxynitrite may involve hydrogen abstraction followed by oxygen addition to the resultant carbon-centered radical and ultimate scission of the polymer (Fig. 5 B) . On the ment of PEU with ONOO-causes a selective reduction in the aliphatic ether stretch at 1,1 10 cm-'. This is typical of changes seen in long-term implants, wherein both aliphatic ether and urethane-aliphatic ester peaks are diminished. The probable involvement of PMN-derived HOCl and macrophage-derived NO/ONOO-in the in vivo degradation of PEU is reinforced by analyses of the elemental composition of the uppermost 10-20 A of the material. Surface oxygen concentration is approximately doubled in PEU treated with reagent HOCl or ONOO-and in PEU exposed to isolated PMN in vitro. This oxygenation of the surface resembles that observed in both short-and long-term in vivo PEU implants.
Some of our in vivo work also supports the idea that PMN may be involved in an initial attack on PEU urethane-aliphatic ester linkages, whereas later oxidative attack may derive from ONOO-produced by PMN or macrophages. After 24 h implantation, PEU shows a decrease in the 1,075 cm-' urethanealiphatic ester stretch relative to the 1,1 10 cm-' aliphatic ether stretch. However, after 1 and 2 wk, there is substantial reduction of the aliphatic ether linkages, a change also seen on exposure of PEU to reagent ONOO-.
Thus, it appears that PEU implants may be subject to sequential attack by PMN-derived HOCl, and NO' and ONOO-, which may be produced by macrophages. The relative importance ofthese two types ofoxidant in vivo remains to be determined. However, it is likely that HOCl attack within the first few hours of implantation may set up the material for continuous degradation by oxidants of macrophage origin. Chemically stable foreign matter may remain in somatic tissues for years without any serious effects. Nonetheless, stable foreign material can elicit a dynamic, long-term inflammatory response that generally involves long-lived foreign body giant cells. The implantation oftheoretically stable polymers is often followed by chronic inflammation that may even damage the polymer itself. The stability ofimplanted biomaterials can only be predicted ifthe interactions between inflammatory cells and the biomaterials are known. Once these mechanisms are understood, it may be possible to produce materials that trigger minimal inflammation or materials that are sufficiently durable to withstand the hostile responses of the host.
